This study evaluated water parameters in ponds affected by coal extraction. Allium cepa assay was used to measure genotoxicity/mutagenicity of the sediment. Samples were collected from four ponds in the southern state of Santa Catarina. Water temperature, pH, dissolved oxygen, conductivity and turbidity were measured. Sediments were analyzed for heavy metals. Elutriate samples were prepared at a ratio of 1:4 sediment:water. Allium cepa bulbs were placed in samples prepared from each pond, with ultrapure water used as negative control and methyl methane sulfonate as positive control. Root length, mitotic index, chromosomal aberrations, micronuclei, and nuclear abnormalities were measured. The pH of two ponds, as well as electrical conductivity and dissolved oxygen of all ponds were below the minimum limits set by Brazilian regulation. All heavy metals analyzed were found in all sediment samples, but only Cd concentration was above the legal limit set by Brazilian law. Allium cepa root growth for samples from Ponds 1, 2, and 4 was significantly lower than the negative control. Meristematic cells exposed to elutriate samples showed no significant changes in cell division. There was a significant increase in total chromosomal aberrations in all treated samples in comparison with the negative control. This study demonstrates that even low concentrations of heavy metals can damage exposed biota, possibly due to synergistic effects. We also found the A. cepa bioassay to be a simple and useful tool for genotoxicity/mutagenicity analyses, and recommend its use for environmental monitoring and management in areas influenced by mining activities. Toxicidade de sedimentos em ambientes aquáticos com influência da extração de carvão no sul de Santa Catarina, Brasil
INTRODUCTION
The extraction and processing of coal has been among the principle economic activities in the southern state of Santa Catarina for over 100 years (Silva et al. 2011) . However, landscape changes and the consequences of residual generation have caused significant damage in both aquatic and terrestrial environments (Martins Pompêo et al., 2004; Rodriguez-Iruretagoiena et al., 2015) . The improper disposal of coal extraction waste results in sulfide-rich effluent combining with oxygen and water to form an abundance of sulfuric acid (H2SO4) and iron compounds, generating contaminants with potential toxicity for soil, air, groundwater, surface water, and local biota (Ribeiro et al., 2013) .
Coal mining and combustion also produces abundant waste rich in heavy metals such as lead, iron, copper, zinc, chromium, cadmium, manganese and arsenic, all of which are deposited in the soil and sediment. These compounds can cause metabolic changes in local biota, and may cause harmful DNA modifications that lead to irreversible mutagenic damage (Leonard et al., 2004; Alimba et al., 2016) . Fertility disorders and cellular/metabolic abnormalities are among the potential lethal and sub-lethal effects resulting from the presence of complex mixtures in water (Villela et al., 2007; Alimba et al., 2016) .
Even after mining activities end, heavy metals can remain active in the environment for long periods. In this context, ecotoxicological analyses may assist in monitoring sites influenced by these activities via detection of possible toxic effects of environmental contamination on nearby organisms. Among the available assays, the Allium cepa Linnaeus (Asparaginales, Alliaceae) bioassay stands out due to its simplicity and high sensitivity in Note: D = minimum distance of areas with coal waste; MP = margin profile; MT = margin type; VE = vegetative strata at the margin; PVC = percentage of vegetation cover at water surface. Margin profile: fl = flat; sl = slight slope; ss = steep slope. Margin types: DBS = dry bare soil; DSV = dry soil with vegetation; MSV = moist soil without vegetation; MWV = moist soil with vegetation. Vegetation: VHE = herbaceous; SHR = shrubby; VAR = arboreal. Water surface vegetation cover: 1 = 0 -24%; 2 = 25 -50%; 3 = >50%.
Water and sediment collection
We collected three samples of water and sediment from each pond in November 2012. Water temperature, pH, dissolved oxygen content (DO), electrical conductivity, and turbidity were measured. The parameters analyzed followed CONAMA Resolution 357/2005 for Class 2 surface water (CONAMA, 2005) . Approximately 2 kg of sediment was collected per sample using a Petersen-type stainless steel dredge. After collection, the samples were placed in plastic bags and transported in low-temperature coolers to the Environmental Technology Laboratory at the Universidade Comunitária da Região de Chapecó, then stored at -18°C. Samples were analyzed for presence of iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), cadmium (Cd) and chromium (Cr) using atomic absorption spectrophotometry. All chemical tests were performed according to Standard Methods for the Examination of Water and Waste water (APHA, 1998).
Preparation of elutriate and analysis of sediment toxicity
Sediment elutriate for the A. cepa test was prepared at a ratio of 1:4 sediment/water. The slurries were stirred for 60 min. then allowed to stand for 12 h under refrigeration. Slurries were then centrifuged at 3000 rpm for 5 min to obtain the supernatant, which is the elutriate (USEPA, 1998).
The A. cepa assay was performed according to Grant (1982) . Six treatments were used (4 experimental samples + 2 controls) with 5 replicates each. Each treatment consisted of 5 A. cepa (onion) bulbs, each approximately 15 cm in circumference and with external cataphyll and aged roots removed. One bulb was placed in 50 ml of elutriate from each sample point with the root submerged for 96 h in a growth chamber at 20°C; ultrapure water was used as a negative control and 10 mg L -1 methyl methane sulfonate was used as a positive control. At the end of exposure, the emitted roots were measured with the aid of a millimeter ruler, fixed in methanol: acetic acid (3:1) and stored in refrigerator. Root morphology was evaluated considering coloring, folding and absence/presence of tumors.
Slides were prepared by placing two roots from each bulb over a beaker and adding two drops each of acetic acid solution (45%) and 1 M HCl (9: 1), then heating in a water bath for 5 minutes at 50°C (Fiskesjö, 1985) . The roots were then transferred to a slide and the hood (apical portion of the root, ~1 to 2 mm in length) was removed from the remaining root and discarded. Two drops of acetic orcein 2% were added to the preparation, and left to stain for five minutes. A cover slip was then placed over the root and the preparation pressed with the thumb for microscopic observation.
Two thousand cells per slide were evaluated for mitotic index (MI), total chromosomal aberrations (AC) and the presence of micronuclei (MN). The MI corresponded to the percentage of cells in the different stages of division (prophase, metaphase, anaphase and telophase). Several types of chromosomal aberrations were considered, including deletions, fragments, bridges, delays, and adherence, among others, at different stages of division. The nuclear abnormalities considered were changes in interphase nuclei, lobulated nuclei, nuclear buds, polynuclear cells, mini-cells, and interphase bridges, among others. The micronucleus analysis was performed by observing interphase micronuclei at the different stages of cell division (Leme and Marin-Morales, 2009 ).
Data analysis
Data were expressed as mean and standard error. Mean values were compared using ANOVA with a Tukey post-hoc test in GraphPadPrism version 6. Results were considered significant at p ≤ 0.05.
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RESULTS AND DISCUSSION
Pond pH values ranged from 3.86 to 6.43 ( All heavy metals analyzed were detected in all samples (Table 3) . Cd concentration was above the maximum limit established by CONAMA Resolution 344/04 (CONAMA, 2004 ) in all ponds. There are no legislative standards set for manganese and iron concentration in sediment. Despite the fact that Cu, Zn and Cr concentration are within the limits established by law, the problem remains that in lentic waters, heavy metals have potential for bioaccumulation in living organisms (Kwok et al., 2014) . Even after the source of pollution has been eliminated, accumulation of contaminants can continue to cause problems due to the release of pollutants over a long period of time (Salomons et al., 1987) . Exposure to sediment elutriate from Ponds 1, 2 and 4 caused a reduction in the average length of A. cepa roots compared to the negative control, indicating toxic potential in these sediments (Figure 1) . Inhibition of plant root growth is considered an indication of toxicity, since it may result from a given frequency of inhibition of cellular division (Fiskesjö, 1985; Odeigah et al., 1997; Egito et al., 2007) . Such inhibition may be due to the presence of heavy metals found in the sediment, such as Zn, Cu, Mn, Fe, Cd and Cr (Fiskesjö, 1983; Lerda, 1992; Akinboro and Bakare, 2007) .
Some roots tips were brownish. According Fiskesjö (1985) , root tips and whole plants can change color during the test, and the brownish tinge may be related to potential toxic effects, causing cell death. Furthermore, some roots had a twisted and folded appearance. Fiskesjö (1985; 1988) indicated that folded roots or root tips can occur following treatment with certain metal salts, such as Cd. Some roots had tumors, which can be explained by an increase in mitotic index resulting in increased cell division, leading to uncontrolled cell proliferation and the formation of tumor tissues (Leme and Marin-Morales, 2009 ). Tumors were observed mainly in plants grown in elutriate from Pond 1, which had a slightly higher mitotic index. Table 4 ).
Pond elutriates and negative control did not differ in mitotic index. However, our results showed increased CA levels. Our data are in accordance with previous studies. Similar results were reported by Rambo et al. (2017) , who evaluated the toxicity of sediments from artificial reservoirs located at Upper Rio Uruguay Basin, and also did not find alterations in MI.
Genotoxic and mutagenic parameter tests indicated a significant increase in total chromosomal aberrations in A. cepa grown in elutriates from Ponds 1, 2, 3 and 4 compared with the negative ontrol group (test input values and w). Pond 4 showed a higher number of aberrations compared to the others, and Pond 2 had the lowest genotoxic potential. These results may be associated with the presence of metals in the environment, since the Cd levels were high and may have influenced the genotoxic potential in the ponds. López et al. (2010) and Lee et al. (2015) suggest that effluent from coal mine acid drainage (DAM) typically have low pH and high concentrations of metals and sulfates, and thus present pronounced effects of toxicity in biomarkers such as A. cepa. Although some sediment metals (Cu, Mn, Zn, Fe, Cr) were within the limits established by law (i.e., at lower concentrations), it is worth noting that the synergistic effect of these metals can cause cytotoxic, genotoxic, and mutagenic damage to exposed biota (Vargas et al., 2001) . Chromosome bridges and breaks are indicators of a clastogenic action, while chromosme loss, delay, adhesion, multipolarity and C-metaphases result from aneugenic effects (Leme and Marin-Morales, 2009 ). The occurrence of aberrations in the mitotic stage may result from toxicity of the achromatic spindle fibers (Chandra et al., 2005) . Matsumoto and Marin-Morales (2004) assessed the mutagenic potential of water samples from a river that receives effluent from an industrial tannery and observed a high rate of chromosomal aberrations, most likely due to the presence of chromium residuals derived from this activity.
Adhered chromosomes were also observed in studies by Smaka-Kincl et al. (1996) and Marcano et al. (2004) . This phenomenon has been reported to be indicative of high toxicity with irreversible effects that may lead to cell death (Fiskesjö, 1985; Marcano et al., 1998) . When evaluating different metal ions (Hg, Cu, Ni, Cd, Be, Al, Cr, Mn, Li), Fiskesjö (1988) also found aberrations such as C-metaphases, sticky chromosomes and bridges in different mitotic divisions, among others. This information confirms that metal can produce genotoxic effects upon exposed biota, and that Cu at high concentrations is lethal to A. cepa cells, and such aberrations were also found in this study. Barbério et al. (2009) also found significant genotoxic effects in a study of the Paraíba do Sul River, and micronuclei, chromosome bridges, c-mitosis, multipolar anaphase, other chromosomal aberrations and total number of abnormal cells showed a significant increase over the negative control group.
According to Fungaro and Izidoro (2006) , DAM contains dissolved metal ions, where composition and concentration depends on specific geological conditions. Campaner et al. (2014) , in a multi-element chemical analysis conducted on DAM water samples, found that it presents typical metals such as Fe, Mn, Zn, Al, Cd, Co, Ni near active mines and waste deposits in the proximity of disabled mines.
No differences were observed in the nuclear abnormalities between pond samples analyzed. However, despite no significant difference in NA incidence, different abnormalities were observed, among them nuclear budding, irregular nuclei, interphase bridges, minicells, lobed nuclei and binucleated cells (Figure 2 ). Nuclear abnormalities are characterized by morphological changes in interphase nuclei in response to the action of some tested agent (Leme and Marin-Morales, 2009 ). According to Fernandes et al. (2007) , nuclear buds are likely to be caused by polyploidization events in which the excess genetic material is removed from the cells. The presence of multinucleated cells and lobulated nuclei may indicate processes of cell death. Irregular nuclei are characterized by altered morphology and size, appearing before the formation of nuclear buds. Rambo et al. (2015) states there is a possible sequence of events driving abnormalities, starting with the presence of irregular nuclei and followed by bud formation until elimination or as micronuclei or as minicells. Binucleated cells arise because of inhibition of cell plate formation. Mitotic irregularities such as incomplete anaphase or unequal distribution of chromosomes to daughter cells can lead to aneuploid, or even euploid cells (Grant, 1978) .
There were also no significant differences in the analysis of micronuclei between the ponds studied. According Fenech et al. (2011) the MN are sourced from chromosome fragments or whole chromosomes during cell division, which can be seen in the cytoplasm of the daughter cells as small additional cores near the main core. The MN can form spontaneously, or in response to the action of certain agents (clastogenic or aneugenic) (Ceppi et al., 2010) . In the present study, we observed micronuclei in cell division phases as well as micro-nucleated cells, probably resulting from multiple breaks and fragments, indicating clastogenic effects, also found micronuclei of large size, indicating aneugenic effects (Fenech, 2002) .
In studies evaluating the genotoxic effects of heavy metals, Steinkellner et al. (1998) showed positive results of As, Pb, Cd and Zn on A. cepa cells in the MN test. Matsumoto et al. (2006) also showed significant frequency of AC and MN in A. cepa meristematic cells after exposure to river water samples contaminated with Cr ions due to a nearby tannery. However, the individual analysis of micronuclei is not always a sufficiently sensitive parameter for quantification of genotoxic potential. Thus, integrated analyses (e.g., evaluating chromosomal aberrations and nuclear abnormalities) may better evaluate damage in tested samples (Rambo et al., 2015) .
The impact of coal mining on biota residing in affected areas may persist for years after activities halt, because heavy metals can remain active in the environment for a long period. Among the harmful effects to organisms, they are highly toxic, have the capacity for bioaccumulation, and are capable of causing damage to genetic material and producing genotoxic and mutagenic effects. In this study, we highlight that even at low concentrations heavy metals can cause damage to exposed biota, possible due to synergistic effect. The A. cepa bioassay proved a useful tool for analyses of this nature, especially for the evaluation of cytotoxic and genotoxic effects on the environment generated by the extraction and processing of coal. Bioassays such as this may be used in environmental monitoring and management, as well as in programs for environmental restoration, and monitoring of ground and surface water in areas degraded by mining.
CONCLUSIONS
Our studies showed that A. cepa bioassay is a simple and useful tool for genotoxicity/mutagenicity analyses for use in environmental monitoring and management in areas influenced by mining activities. We concluded that the analysis of the water is an essential phase for screening mining areas potentially contaminated by genotoxic chemical compounds.
The distribution of genotoxicity in the four ponds studied illustrates the complexity of the study of regions exposed to multiple pollutants; even low concentrations of heavy metals can damage exposed biota, possibly due to synergistic effects. Although the identification of areas contaminated by genotoxic agents using A. cepa assay represents an important step of environmental diagnosis, the identification of the classes of chemical compounds present necessary to determine appropriation remediation in the ponds affected.
